Realization of solid-state photon sources which are capable of on-demand generation of entangled single photon pair at a time is highly desired for quantum information processing and communication. A new method to generate entangled single photon pair at a time is proposed employing Cooper-pair-related radiative recombination in a quantum dot (QD). Cooper pairs are bosons and the control of their number states is not easy. The Pauli's exclusion principle on quasi-particles in a discrete state of a QD will regulate the number state of the generated photon pairs in this scheme. The fundamental heterostructures for constructing superconductor-based quantum-dot light-emitting diodes (SQ-LED) and the fundamental operation conditions of SQ-LED will be discussed. The experimental studies on Cooper-pair injection into the related semiconductor structures will be also discussed. *
Introduction
Quantum information networks are expected to offer methods for future high-speed and highly secure communications. 1) "Qubits" are the main information processing units and their storage, processing, and transportation are the basis in such information networks. Several kinds of qubits have been proposed for the processing qubits, and superconducting qubits are regarded to be one of the major research objectives because of their expandability to large-scale circuits. [2] [3] [4] Transportation of qubits will best fit with optical-fiber communication networks, and photon qubits and their applications to quantum cryptography has been actively studied. 5) However the technological basis to connect the superconducting qubits and photon qubits is missing at present because of the different historical background in the developments of the two research fields.
Concerning photon qubits, on-demand generation of entangled photon pairs is expected to explore new paradigm in communication systems such as quantum teleportations. 6) Generation of entangled photon pairs has been achieved with the parametric down conversion (PDC). 7) High degree of entanglement has been confirmed with this method. 8) However the PDC is based on excitations of nonlinear media with lasers, and therefore generated photon pairs follow the Poisson statistics. This results in random number states of the generated photon pairs and also random intervals of the generation of photon pairs. This makes it difficult to realize the on-demand photon-pair generations and purely single photon-pair generation at a time, and this limits the application of the PDC method to practical entangled photon-pair sources.
Concerning solid-state photon sources single-photon generations have been reported with single pairs of quantum states in semiconductor quantum dots (QDs), which result in exciton emissions. 9) Higher excitations of QDs result in additional biexciton emissions, and strong correlations between the biexciton emissions and the subsequent exciton emissions have been observed. [10] [11] [12] [13] However it has been difficult to confirm quantum entanglement of the generated biexciton and exciton photon pairs in spite of tremendous trials world-wide. The main factor to prevent the quantum entanglement has been the energy splitting of the intermediate exciton states, 14) which makes the polarizations of the biexciton emissions distinguishable. The splitting of the exciton states in QDs stems from the in-plane anisotropy of QDs, 15) which originates from crystallographic surface anisotropy of semiconductor surfaces, and the resultant electron-hole exchange interactions. 14) Very recently generation of entangled photon pairs with the biexciton-exciton cascade recombination scheme was reported with a proposal to cancel the exciton energy splitting, 16) but the degree of entanglement was still low and has to be improved further. 17) The biexciton-exciton cascade recombination processes also have the essential problem to generate ideal indistinguishable photon pairs. Because the lifetimes of the biexciton and exciton recombination are generally different, the complete overlap of the two wave forms in the time scale will be difficult. The cascade emission processes also result in the time difference between the biexciton and exciton emissions and the spin flip of the intermediate exciton states may take place during the time interval. This will induce the decoherence between the two photon states. This is detrimental for the photon qubit operations.
In this paper, a new method to generate entangled single photon pair at a time is proposed and discussed. Either electron or hole Cooper pairs are injected into a semiconductor QD, and the strong correlation of electron-electron or hole-hole in the respective Cooper pairs is expected to make it possible to recombine simultaneously into photon pairs in the QD.
Cooper pairs are bosons and therefore the direct control of the number states of the generated photon pairs will not be possible. The condition to generate single photon pair at a time will be clarified. The relation to the conventional biexciton-exciton cascade emission processes and how to discriminate from this process will be discussed.
Main Issues in Biexciton-Exciton Cascade Emission Processes in Quantum Dots

Energy Splitting of Exciton States
Observation of strong correlations of photon pairs has been reported with the biexciton-exciton cascade recombinations in semiconductor QDs. [10] [11] [12] [13] In isotropic QDs the bright heavy-hole exciton state (X) is spin-degenerate, and the biexciton recombination takes place either in right-circularly polarized (σ + ) or left-circularly polarized (σ -) with the photon energy of E xx , which is doubly degenerate as shown in Fig. 1(a) . This is followed, respectively, by the left-circularly polarized (σ -) or right-circularly polarized (σ + ) exciton emission with the photon energy of E x . This cascade process is described by the following equation:
where the first term and the second term are indistinguishable. This represents the entangled biexciton-exciton photon-pair generations.
However energy splitting of biexciton and exciton emissions from QDs prepared on zincblende (001) surface is frequently observed, which are linearly polarized along the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] crystal orientations. 14) This is originated from crystallographic anisotropy of the QD structures due to the different growth mode in the [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions. Under this circumstance, the electron-hole spin exchange interaction results in a splitting of the exciton states and the bright exciton states with the angular momentum M=±1 are split into the linearly polarized |+1〉+|-1〉 state and |+1〉-|-1〉 state as shown in Fig. 1(b) . The biexciton recombination takes place either in x-polarized (π x ) or y-polarized (π y ) emission with the respective photon energy of E xx1 or E xx2 . They are followed by the x-polarized (π x ) or y-polarized (π y ) exciton emission with the respective photon energy of E x1 or E x2 . This cascade process is described by the following equation:
In this expression, contrary to Eq. (1), the first term and the second term are distinguishable by the difference of the transition energies.
The criterion of the exciton energy splitting, which allows the quantum entanglement of the photon pairs, will be the lifetime broadening of excitons. 10 those of the wetting layer adjacent to the QDs. 17) The degree of entanglement is given by the quantity, tangle, which was estimated to be zero or at most 0.19 17, 18) whereas the tangle of 1
shows the complete entanglement. The purity of the quantum states is given by linear entropy, which was estimated to be ~0.9 18) whereas the linear entropy equal to zero corresponds to the pure states. Further improvements may be possible with the refinement of the experiments in near future, but the issue of the exciton energy splitting due to the QD anisotropy still remains as the world-wide difficult problem.
Biexciton and Exciton Recombination Lifetimes
Biexciton recombination lifetimes in a QD are usually shorter than exciton recombination lifetimes because of the larger oscillator strength of biexcitons. Measurements on an InAlAs QD embedded in an AlGaAs cladding layer exemplify this and the lifetime of the biexciton lifetime was 0.55 ns and was shorter than the exciton lifetime of 1.02 ns by about half-times. 13) This difference of the recombination lifetimes between the biexcitons and the excitons will break the indistinguishability in the photon pairs. An enhancement of the exciton oscillator strength with the aid of optical microcavities 19) may make both lifetimes closer for generating indistinguishable photon pairs, but some elaborating efforts will be necessary for this purpose.
Spin Flip of Exciton States
The spin flip time of exciton states during the time interval after the biexciton recombination was estimated to be 2.2 ns 10) and 3.6 ns 20) from photon correlation measurements. These measured spin flip times are longer than the respective measured exciton lifetimes of 0.5 ns and 1.0 ns, and complete spin flip probability may not be high.
However this spin flip time will reflect the scattering probability of the exciton spin state and the probability of losing the coherence between the biexciton and exciton photon pairs will not be negligible, which will be detrimental for the photon qubit operations.
New Scheme to Generate Single Entangled Photon Pair via Cooper-Pair Singlet States
Role of Cooper Pairs
In comparison to the PDC of the exciting photons via nonlinear optical medium, 7) simultaneous Therefore the optical transitions related to the Cooper pairs will be also free from the electron-hole exchange interactions as well as the issue of the exciton energy splitting.
Control of Number States
However since Cooper pairs are bosons, the control of the number states is not easy. 
Fundamental Device Structures
In the following, the case of injecting electron Cooper pairs and hole quasi-particles into a QD will be mainly treated. The other case of injecting hole Cooper pairs and electron quasi-particles into a QD will be the trivial application of what is described below.
Type-II Quantum Dots
In carrier injections into QDs, energy relaxation processes are usually accompanied to populate the discrete energy states through phonon emission processes or carrier-carrier scatterings. However the situation is completely different in the case of Cooper-pair injections, and Cooper-pairs will be collapsed with such energy relaxations. Therefore resonant injection of Cooper-pairs into QD energy states is essentially important in this case. The first device structure proposed for this purpose is based on a type-II QD shown in Fig. 2 
. Electron
Cooper-pairs are injected into the conduction band of the QD evanescently from the n-type semiconductor adjacent to the QD. Holes are injected into the QD lowest energy level through the energy relaxation processes in the valence band from the adjacent p-type semiconductor.
A pair of holes will occupy the lowest state in the QD valence band due to the Pauli's exclusion principle and hole spin singlet state will be eventually formed. The detailed study of spin flip time may be important for the complete control of the dynamic properties. 25, 26) The radiative recombination of the spin singlet electron Cooper pair and the hole pair will generate a circularly polarized photon pair. In this process both the initial and final states are spin singlet, and it will be free from the electron-hole exchange interactions. Therefore this recombination process will be free from the QD anisotropy issue discussed above for the biexciton-exciton cascade recombination processes. The details of the operation conditions and the discussion on the competing recombination processes such as the biexciton recombination will be given in the next section.
The heterostructure schematically shown in Fig. 2 will be possible, for example, with the following materials system. Type-II QDs are formed with GaSb QDs grown on GaAs. The band offset at the GaSb/GaAs heterointerface is critically dependent on the strain, and the conduction and valence band offsets change, respectively, from 0.10 eV and 0.81 eV for the relaxed case to 0.64 eV and 1.03 eV for the pseudomorphic case. 27) These band offsets as well as the photon emission energy can be adjusted by adopting a GaAsSb alloy for QDs, which will reduce the excess lattice mismatch of 7.8% for the GaSb/GaAs interface. Therefore the heterostructure shown in Fig. 2 will be formed by the Ga(As)Sb QDs grown on p-GaAs and by capping with n-GaAs.
The penetration depth of the electron Cooper pairs into the n-GaAs is proportional to n 1/3 , 22) where n is the electron concentration in the n-GaAs capping layer. Therefore the high electron concentration in the n-GaAs layer is necessary to extend the penetration of the Cooper pairs into the Ga(As)Sb QDs through the n-GaAs capping layer. Generally heavy n-type doping in GaAs is limited due to the small density of states in the conduction band.
However, our previous trials with Se-doped GaAs and GaAsNSe demonstrated the high electron concentrations up to 2x10 19 cm -3 and 1x10 20 cm -3 , respectively. 28) Non-alloyed ohmic contacts to n-GaAs was also possible with the use of GaAsNSe for Au contacts. This will be beneficial to form ohmic contacts for the Cooper-pair injection from a superconductor into the n-GaAs capping layer and the preliminary results will be discussed later.
As is shown in Fig. 2 , the injection of the electron Cooper pair into the QD is by the tunneling through the conduction barrier in the type-II Ga(As)Sb QDs. At this point the lower conduction-band barrier height as well as the lower QD height will be beneficial to enhance the penetration of the Cooper pairs into the QD. Therefore the higher As concentration in the Ga(As)Sb QDs will be preferable for the reduced conduction-band barrier height. Concerning the QD heights, as grown GaSb QDs showed the average dot height of ~8 nm at the growth temperature of 450°C as shown in Fig. 3 . The details of the growth conditions will be reported elsewhere, 29) but the QD height can be controlled via several methods. The addition of N during the growth of GaSb QDs reduced the average height to ~5 nm as shown in Fig. 3 .
Further reduction was observed with a purge of the GaSb dots surface with As and N supplies and the reduced average dot height of ~1.5 nm was observed. The reduction of the dot height with the method similar to the In-flush method on InAs QDs may be also possible. 30) Overflow of the holes into the n-type GaAs capping layer can be prevented by the potential height difference shown in Fig. 2 and will be possible by growing thin p-GaAsSb layer underneath the GaSb QDs.
Type-I Quantum Dots
The resonant injection of Cooper-pairs into type-I QDs will be also possible with the scheme shown in Fig. 4 . When the Cooper-pair state energy in the n-type semiconductor is resonant with the QD lowest state in the conduction band, electron Cooper pairs will be injected by the tunneling through the thin barrier. The injection of holes in the valence band and the recombination processes in the QD will be similar to the one discussed in the above section.
The heterostructure schematically shown in Fig. 4 will be exemplified with the following The advantage of this materials system is to be able to employ non-alloyed ohmic contacts by the use of InGaAs with the In composition over 70%. 32) The experimental results on the Cooper pair injection into this materials system will be discussed in section 6. It is also noted that the type-II QD scheme shown in Fig. 2 can be realized with the InP-based materials system just by replacing the InAs QDs with GaSb QDs in the above discussions.
Fundamental Operations and Competing Recombination Processes
Fundamental Operation Conditions
It will be clear from the above discussion that the control of the number state of generated photon pairs is based on the Pauli's exclusion principle for the quasi-particles of holes in the QD energy states. In conventional biexciton-exciton cascade photon-pair generations in a QD, a biexciton state is initially formed every after pulsed excitation with appropriate intensity.
The biexciton recombination will generate single photon from the QD, and the population in the QD is transferred to the exciton state, which eventually generate the counterpart photon for the cascade photon-pair generation. 33, 34) Therefore for realizing on-demand single-photon-pair generations, the excitation pulse duration has to be short enough so that the QD will not be re-populated with biexcitons nor excitons. The similar operating conditions will apply to the present SQ-LED, that is, the appropriate bias level to populate the valence-band QD state with a pair of holes which occupy the lowest QD state and the short enough pulse duration not to re-populate the valence-band QD states prior to the subsequent pulsed excitation.
Photon-pair Generation Process and Superradiance Effect due to Cooper Pairs
The number state of the electron Cooper-pairs is described with the Wannier function as basis for the conduction band and is given by 21) ! 
where h.c. shows the Hermite conjugate. The interband transition dipole moment µ is defined with the Wannier functions and is given by
where p i is the momentum operator at a position r i .
The probability amplitude for the correlated two-photon emission from simultaneous annihilation of an electron Cooper pair and a spin singlet hole pair in the lowest QD state in the valence-band is described in terms of the interaction Hamiltonian, ! " H = #E $ P, and is given by 21) ! "
where Δ e is the half of the superconductor gap 2Δ e . Since the transition probability, i.e., the oscillator strength, is proportional to
, it is proportional to the number of the electron Cooper pairs in the active medium, i.e., in the QD. This implies a superradiance process which comes from the coherent state of N Cooper-pairs. 21) In the following, the enhancement of the oscillator strength due to the superradiance effect will be estimated for a QD active medium.
The total number of electrons, n s , which contribute to the supercurrent is related to the critical current density, j c , by the relation 35) ! j c = en s " e p F ,
where p F is the momentum of the quasi-particles which contribute to the supercurrent near the Fermi energy. n s is estimated to be 8x10 21 cm -3 in a typical superconductor such as Sn. 35) Doping levels in semiconductors are normally limited to the lower level, and the injection of The relative dependence on the QD size was estimated and is shown in Fig. 5 . The electron concentration in n-type semiconductor was set to 5x10 18 cm -3 and a disc-like QD with the dot diameter to dot height ratio of D/H=10 was assumed. Relatively flat QD structure can be formed by such as the In-flush method. 30) The enhancement of the oscillator strength with the superradiance effect is critically dependent on the QD size, and the larger coherent volume will contribute to the larger oscillator strength. The corresponding transition energy in a GaSb QD embedded in GaAs was calculated with a simplified method discussed in Ref. 31 . Since the GaSb/GaAs system forms the QD energy states in the valence band, the calculated transition energy of the lowest QD state shown in Fig. 6 reflect the valence-band QD state.
The materials parameters necessary for this calculation are given in Ref. 36 . The oscillator strength shown in Fig. 5 is more enhanced for the larger QD, but the critical issue is the energy separation of the lowest and second QD excited state transitions. However, the possible contribution from the transitions from the higher excited states in QDs will be spectrally filtered as is usually practiced in the observations of the biexciton-exciton cascade photon-pair emission.
Other Competing Recombination Processes
The possible recombination processes are schematically shown in Fig. 7 . One Cooper pair in the conduction band and two holes in the lowest heavy-hole (HH) band are assumed. The case I is the process mainly dealt with in this paper and single photon pair will be generated simultaneously with the enhanced oscillator strength as discussed in the previous section. The photon energy of the generated photon pairs will be given by
where E g is the energy gap of the QD under compressive strain and E HH1 is the confinement energy in the QD valence band.
The case II is the competing process where one of the electron Cooper pair dissolves the pairing and recombines with one of the hole pair in the HH1 state. This is accompanied with the generation of one quasi-particle above the superconducting gap of 2Δ e by absorbing acoustic phonon. In this process, the photon energy of the generated single photon is also given by Eq. (8) but additionally
need to be satisfied, where ! m c * is the effective mass of the normal electron, and k c and k acoustic are the wave numbers of the normal electron and the acoustic phonon, respectively. When the operation at extremely low temperature is assumed, the acoustic phonon population will be low and this process with the absorption of acoustic phonon will be unlikely.
The case III is the competition with the conventional biexction recombinations. In this process, the two quasi-particles apparently have the energy higher than the Cooper pair by under the internal electric field. 38) In type-II QDs, negative biexciton binding energy is predicted theoretically. 39) Under these situations with negative biexciton binding energies, the case I with the Cooper-pair-based recombination will predominate the case III with the biexciton recombination.
The case IV may take place under the low population of holes in the QD valence band.
Under the single population of the hole in the QD state, the Cooper pair may be eventually dissociated and one of them may recombine with the hole in the valence band. The other quasi-particle will be excited above the superconducting gap with the absorption of acoustic phonons similarly to the case II. Similar to the case II, the probability to absorb phonons at extremely low temperature will be low. The detailed balance of each process needs more rigorous calculations and the study is under way.
Experiments on Cooper-pair Injection into Semiconductors
Cooper-pair injection into semiconductors is a prerequisite to realize the generation of Similar trial to inject Cooper pairs to GaAs-based semiconductors has been done. 40) The GaAsNSe highly n-type doped layer 28) was employed for non-alloyed ohmic contacts for a Nb/n-GaAs/Nb lateral Josephson junction. The Nb stripe electrodes with the width of 20 µm and the electrode separation of 0.7 µm were prepared on the n-type GaAs surface with the GaAsNSe ohmic-contact layer, which was removed in the surface area separating the two Nb electrodes. The sub-harmonic-gap structure due to multiple Andreev reflection was observed at 0.5 K. 40) The extension of this trial to confirm the Cooper-pair injection into n-GaAs layers is under study.
Conclusion
Present major efforts to generate entangled photon pairs from solid-state sources are Fig. 9 
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